Since 1945 a great many studies have been made to determine the relation between the amount of damage induced by ultraviolet or ionizing radiations and the chemistry of the cell. One important biological activity which involves both chemical and genetic changes in the cell is the process of maturation with gamete formation. Alexander' has presented new data and reviewed older experiments which prove that the mutation rate per roentgen unit X-ray dose is lower in spermatogonia than in mature sperm of Drosophila melanogaster. Auerbach2 and Lining3 had shown that the mutation rate and rearrangement rate varied during the maturation cycle. Stone, Haas, Alexander, and Clayton4 showed that major differences in rearrangement rate occurred through the maturation cycle of Drosophila virilis males. The frequency of rearrangement was influenced by the chemistry of the cell. This paper presents data showing the relation of genetic damage to dosage and to differences in gaseous environment.
pared with the number of pupae that developed as a measure of dominant lethals. F1 males from the marker females, usually six to ten from each P1 male, were backcrossed to marker females, and translocations were scored in F2 from unusual genetic linkages. The fertility of F1 males was recorded to be sure that the data were not biased by excessive sterility. The first period, A, represents the first effective sperm samples obtained from mature males, and the testing continued through period H, when the males were 20-21 days old. This procedure tests gametes irradiated at different stages of development from nearly mature sperm (A) back to spermatogonia (H).
In tests 17 and 18, old larvae were allowed to pupate on filter paper over a 20-hour interval and then were set aside for 90 hours. These 90-1 10-hour pupae were divided into two lots: one was pretreated 8 hours in N2, irradiated with 1,000 r, and then posttreated for 2 hours; the other was treated similarly, except that CO was used in place of N2 throughout the test.
Results.-The results of the tests are given in Tables 1 and 2 were run (Table 1 ). The first two were run like the experimental series. In these two, 12.0 per cent of 27,081 eggs failed to develop. This 12.0 per cent control level is indicated on Figure 1 . Dominant lethals due to irradiation account for the major fraction of deaths in the experimental series. The third test was made with a newly selected, very viable stock to determine whether the egg development on successive days still showed the increase found in the first controls and in the experimental material. There was no obvious increase in egg development as the male aged, as shown by comparing the productivity of the first female mated with that of the second female mated the next day, etc. There was a consistent increase in hatch on successive laying days from all females. 8,700
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The rate of spontaneous translocations is very low. In all of our tests so far published,4 6, 7 including these tests, we have found only four spontaneous translocations. These were detected as a cluster of identical translocations from a tested F1. Three involved the chromosomes of the female marker stock, which was not X-rayed; in the other, all progeny of an F1 male carried the same translocation. This spontaneous rate is too low to influence the experimental data.
The results of experiments 12-15 are in agreement, whether radiation damage is assayed as recoverable translocations or as dominant lethals (Table 2 and Figs. 1 and 2). The first sperm utilized (stage A, when the males are 6-7 days old) were nearly mature sperm at irradiation. Clayton (unpublished) reports that the tails of the sperm in D. virilis males less than 24 hours old have not coiled, and therefore some processes in sperm development are incomplete. Dominant lethals increased in frequency from stage A to stage E and then decreased until stage H (Fig. 1) (Fig. 3) . Damage measured as dominant lethals continued through period F, but the material treated in nitrogen (experiment 17) was about control level by period G. This is the only test where damage, measured as dominant lethals, drops to the control level. Damage was produced at all stages where the pupae were irradiated in carbon monoxide, even in period G (experiment 18). The absence of oxygen in these two experiments (17 and effect to a much lower level than in the other tests using 1,000 r. Carbon monoxide increased the damage above that in nitrogen at all stages during the meiotic cycle.
Neither of these tests of treated pupae show the characteristic reduction in PI male fertility in periods F and G found in the adult 1,000-r test (experiments 13a, 13b, and 15).
Diwwsion.-The work on the meiotic cycle in Drosophila has been reviewed by with three virgin females, and transferred to three fresh females at 3-day intervals through four consecutive periods, a, b, c, and d. Auerbach gave results for both sex-linked and autosomal lethals and mentioned that gross rearrangements followed the same pattern as mutations. The peak mutation rate, both sex-linked and autosomal, occurred in period b, and the peak of sterility in period c. Single recombinants from crossing over were absent from period b but were present in period c, while complementary classes and bundles of identical crossovers were present only .,***********************<:>*= = = = m00 There is another factor which may be important. The sperm of animals undergo a unique change in chromosome composition, for the usual histone protein is replaced by protamine protein. 22 The high susceptibility of stage E to irradiation damage may be due to the fact that this is the most active stage of protein reorganization as well as of cytoplasmic changes, and the chromosome is more subject to breakage in these unprotected and changing conditions.
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Most of the tests in Table 2 were run under similar conditions, using different doses of radiation to test the consistency of the cell cycle and the dose response. Figures 1 and 2 show that the cycle was consistent when measured as dominant lethals or recovered translocations. The frequency of dominant lethals was too great at higher doses to assess the relation to dose. The translocation tests of stages A, C, D, and E from Table 1 and Figure 2 were used to illustrate the relation between X-ray dosage and translocation frequency (Fig. 4) . Stages F, G, and H (meiosis back to spermatogonia) were not used, for there were too few translocations. The lines in Figure 4 are fitted to the points by least squares. Only stage A, which is most nearly equivalent to mature sperm in an aged male, might be fitted better by an S-shaped curve. All these curves which best fit these points intersect the base line between 295 and 330 r. The 2,000-r value of 100 per cent translocations for stage E must be disregarded, for there were no intermediate doses between 1,000 and 2,000 r. Many or most of the translocations must result from two or more hits even at the most susceptible stages in spermeogenesis. After the minimum necessary amount of radiation in these susceptible stages, the number of translocations seems to increase proportionally with dosage. The damage measured as translocations to these stages of spermeogenesis with X-rays resembles that of neutrons to mature sperm, except that the damage from the latter is directly proportional to dosage down to zero. 7 Patterson, Brewster, and Winchester showed that mature eggs of D. melanogaster were more susceptible than immature eggs when radiation damage was 1054 PROC. N'. A. S. GENETICS: ALEXANDER AND STONE measured as dominant lethals.23 This makes D. melanogaster females similar to Sciara and Habrobracon. Glass15 found that there was a much higher frequency of inversions than of translocations produced by irradiating D. melanogaster females, showing that the material responded much like Sciara. He found an increase in translocations and Minutes present in irradiated males from the third brood (8) (9) (10) (11) days after irradiation) similar to that found by Bonnier and Luning and by Auerbach for male germ cells. Glass found that the number of Minutes was much smaller in the third brood from irradiated females, again showing greater resistance of earlier stages in o6genesis in Drosophila, again like Sciara and Habrobracon. It is obvious that mature spermatozoa differ from unfertilized Drosophila eggs, but the comparison is not between equivalent stages. Alexander showed that spermatogonia had a much lower mutation rate than mature sperm.' In order to compare males and females, comparable stages in gametogenesis should be used. Mature eggs prior to fertilization stop at metaphase or anaphase of the first maturation division.
If we compare the results in females with those in males for stages H through F, they are very much alike.
In an earlier test, 2-3-day pupae were irradiated with 2,000 r in 95 per cent CO + 5 per cent O2.4 Wolsky24 studied the inhibition of oxygen consumption of the pupae caused by CO and found that higher concentrations of CO were more effective at all stages of pupal development. He showed that CO inhibition of respiration in Drosophila pupae was light-reversible. Wolsky suggested that changes in amount or activity of the Warburg-Keilin system might explain the change in respiration during pupation. Bodenstein and Sacktor showed that the cytochrome c oxidase activity is reduced drastically in early pupation.25 The low point of this U-shaped cycle is about 2-3 days after the onset of pupation; then cytochrome c increases to the normal adult amount shortly after eclosion of the adult. In our earlier irradiation tests no offspring were produced in stage A, and damage measured as translocations was great in stages B and C and then fell to 0 in stages D, E, and F.4 The Texmelucan D. virilis strain takes 7 days in the pupal stage when irradiated, and the 4-5-day-old pupae used in the present experiment should have about half the amount of cytochrome c found in the young adult. Pupae were pretreated in N2 (experiment 17) or in CO (experiment 18) for 8 hours prior to irradiation, so that there was very little residual 02 present during irradiation. Nevertheless, the damage was consistently higher in CO than in N2.
Therefore, the cytochrome system or other agents inhibited by CO protects the chromosomes against damage which does not depend on an appreciable concentration of 02. This suggests Barron's conclusion that OH is reacting with cytochrome.26 King, Schneiderman, and Sax reported that both CO and C02 increased radiation damage when present with 02.27 Similar results were obtained with Drosophila by Haas, Dudgeon, Clayton, and Stone.6 However, Schneiderman and King showed that CO2 alone was equivalent to radiation in a vacuum. Therefore, the increase in damage occurred when CO2 acted synergistically with 02. In tests 17 and 18 with pupae, the CO inhibits the cytochrome c system or some other active enzyme system which normally protects the chromosome against radiation damage. Even in the absence of 02 from external sources, the inhibition of the cytochrome c system by CO increased the radiation damage measured as dominant lethals or translocations above that when the material was treated in N2 VOL. 41, 1955 ( Fig. 3) . Despite this effect of CO, damage was much less than in other 1,000-r tests.
The cycle was changed so that the peak fell in stage B. Even allowing for the fact that the pupae were irradiated 3-4 days earlier than the young adults, the peak still fell one period earlier than expected. We presume, by analogy with Auerbach's results, that this is the result of difference in amounts of mature sperm which were disposed of before earlier stages could move through.
The pupae in these tests (17 and 18) were irradiated at a lower intensity (173 r per minute) than the adults (1,000 r per minute). Sax, Luippold, and King presented tests that showed an effect of both intensity and fractionation on rearrangement rate in Tradescantia.28 Haas et al.6 demonstrated that there was also an intensity effect in Drosophila. When experiment 15 is compared with experiments 13a and 13b, it suggests a fractionation effect in stages of spermeogenesis of Drosophila, but more tests are necessary to prove this point.
A volume on mutation induction in plants, carried out by the group in Sweden led by Gustafsson, has recently appeared. Ehrenberg and Nybom discussed the direct and indirect effects of radiations of different sorts in that volume.29 There are many parallels between their results with plants and our work on D. virilis. 4 
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The current tests show that irradiating with poisoning of the cytochrome system with CO in the absence of an external source of oxygen causes more damage than irradiating in N2 (experiments 17 and 18). Furthermore, replacement of 02 by CO immediately after irradiation for a 30-minute period causes a little change in the amount of damage during the cycle, for the results from experiments 13a and 13b are very similar.
Whiting"8 has recently reported on new experiments on the effect of oxygen on irradiation effects in Habrobracon. She concludes that oxygen increases breakage of chromosomes. Our evidence from Drosophila both for oxygen and for other factors which modify oxidative radicals is in agreement with that conclusion.
Summary.-The relationship between X-ray dosage and genetic damage was determined throughout the meiotic cycle of D. virilis. Damage was measured as dominant lethals and translocations. The number of aberrations varies from 20 to 100 fold between stages, depending on the physiological conditions at irradiation (Figs. 1-3 ). The period (E) just after meiosis is the most susceptible of the stages. The early stages of the maturation of the sperm (E, D, and C) are the periods of differentiation of this unique cell type. Along with the complex changes in the cytoplasm during this period, there occurs the replacement of the histone protein by protamine protein in the chromosomes. The susceptibility of these stages is markedly influenced by modifications in the environment, such as increased amount of 02 or the presence of CO during irradiation.
During the susceptible period especially (stages A, C, D, and E, Fig. 4 ), the amount of X-ray damage measured as translocations is directly proportional to dosage above 300 r. Very few translocations are produced in premeiotic stages, although many dominant lethals occur. The late spermatogonia (stage G) are so susceptible to radiation injury that many cells in this stage die and few sperm are produced. Radiation damage to the different stages of obgenesis in the female Drosophila has been shown to be similar to that in Sciara and Habrobracon. The comparable stages in the male, stages H through F, respond to radiation very much as the female. Stages equivalent to stages E through A and mature sperm are not present in the female. The enzyme activity as modified by the gaseous environment influenced the amount of damage to pupae (Fig. 4) . Even without an external source of 02, irradiation in CO modified the internal environment and increased radiation damage above that in N2 at all stages. The sensitive stages of the maturation cycle in the male Drosophila are particularly useful in studying the relation between physiological activity and genetic damage from radiations.
